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Abstract: Cortisol concentrations in hair collected from young male and female adults were assayed and compared for differences 
along shaft length and between body sites. No significant differences were found between hair shaft sites, supporting a model of the hair 
shaft as “alive” and responsive to environmental demand in terms of cortisol production. Hair taken from forearms had significantly 
higher concentrations of cortisol than hair from lower legs, suggesting a localized hair cortisol response and verifying previous findings. 
Issues of the link between central and peripheral HPA axes are raised for discussion and further investigation.
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Introduction
Cortisol is the product of a trophic cascade in the 
hypothalamic-pituitary-adrenal axis (HPA). That 
process begins with the synthesis of CRH in the 
hypothalamus which stimulates ACTH secretion 
from the pituitary into the bloodstream and thence 
to the adrenal cortex, which produces cortisol.1 In 
its role as the principal glucocorticoid in humans, 
cortisol has vital anti-inflammatory and immunosup-
pressive influences throughout the body,2,3 as well 
as a host of other effects that assist metabolism and 
homeostasis.4 Consequently, a basal concentration 
of cortisol is required at all times,4 and this may be 
elevated in response to physical or mental stressors 
to ensure the adequate physiological responsivity of 
the organism to environmental demands.5,6
Although the traditional sources for assaying cor-
tisol from the HPA axis have been blood, urine or 
saliva,7 cortisol has recently also been found to be 
synthesised in skin8 and hair.9–16 These findings indi-
cate that the CRH-ACTH-cortisol sequence is repli-
cated in melanocytes17 and hair follicles,18 and that 
the concentration of cortisol in these varies accord-
ing to physical and psychological stressors in the 
same fashion as cortisol from the “central” HPA 
axis, although not in ways that would reflect a single 
connected HPA axis.14–16 These findings have estab-
lished the existence of an independent “peripheral” 
HPA axis in skin and hair,8,17,19 that may respond to 
threat and demand in similar ways as the central 
HPA axis but not necessarily be instigated by it. Ito 
and colleagues18 concluded that hair follicles and 
their production of cortisol represented a “functional 
equivalent” but independent HPA axis. That is, as well 
as being targets for “central” HPA axis activity, skin 
and hair are also producers of cortisol via their own 
neuroendocrine systems which include CRH, ACTH 
and cortisol itself,1 all of which have been shown to 
be secreted by melanocytes and hair follicles.10,18,20 
Although these data strongly support the HPA-like 
functional equivalent of a CRH-ACTH-cortisol serial 
synthesis as in the central HPA axis, there remains the 
possibility that some of the cortisol found in hair may 
come from the reversible activation of cortisone via 
11 betahydroxysteroid dehydrogenase (11betaHSD).
With particular reference to hair, it has previously 
been accepted that the hair shaft is dead once it leaves 
the skin,21 but the production of cortisol in the hair 
follicle plus its presence in the hair shaft challenge 
this opinion, particularly as these concentrations are 
not affected by washing of the hair (which has been 
shown to remove less than 7% of the total hormone 
extracted),12,22 thereby excluding effects due to secre-
tions from skin or hair follicles near the hair shaft. 
However, although concentrations of sex steroids 
have been shown to not vary significantly along the 
length of the hair shaft,23 few data have previously 
been reported regarding the relative concentration of 
cortisol along the hair shaft. Such data would assist in 
determining if cortisol is transmitted along the sup-
posedly “dead” hair shaft relatively quickly (i.e. if the 
concentration was continuous along the shaft) or if it 
is a gradual process (shown by variations in concen-
tration along the shaft), and thus clarify the role of the 
hair shaft in this process. One recent study24 which 
collected hair samples from mothers of new-borns, 
mothers of toddlers and women who had never been 
pregnant, reported elevated concentrations among 
both groups of mothers compared to women who 
had never been pregnant, reflecting the previously-
reported increase in cortisol during pregnancy.25,26 
Those authors also reported that hair samples taken 
closest to the scalp had significantly higher cortisol 
concentrations than samples further from the scalp, 
and argued that this may have been due to “wash-
out” effects due to unknown causes.24 These data 
were in contrast to those reported from monkeys,9 in 
which there were no significant differences in corti-
sol concentrations along the hair shaft. These appar-
ent contradictions leave this issue open to further 
investigation.
Another aspect of potential variability in hair corti-
sol concentration is that concerning body site. A previ-
ous investigation reported no significant differences in 
cortisol concentrations in hair taken from five different 
regions of the scalp while subjects were at rest,13 but 
another study which compared hair from sites which 
had undergone pain stress versus those which did not, 
showed significant (but transient) differences in corti-
sol concentrations across these sites, thus suggesting 
the presence of some separation in cortisol-production 
responses across body sites.16 However, no data have 
yet been reported regarding the variability in cortisol 
concentrations from different body sites while the 
subject is at rest. This is a particularly relevant issue 
in terms of the relationship between the central and 
hair cortisol sites
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peripheral HPA axes. It might be hypothesized that, 
were the two systems directly linked, then all parts of 
the external body surface should show very similar 
(if not identical) hair cortisol concentrations because of 
blood flow (and ACTH) to these regions. Conversely, 
if there was a lack of consistency in cortisol concentra-
tions across hair taken from body sites, then it could 
be concluded that the central and peripheral HPA axes 
were independent. Moreover, such a lack of significant 
similarity between the cortisol concentrations in hair 
from various body sites would argue for a largely inde-
pendent HPA axis in each hair follicle, as suggested by 
Ito and colleagues18 or at least independent regions of 
cortisol-producing hair across the body surface.
Results of investigations into these two issues 
have the potential to advance knowledge and under-
standing of the nature and process of the peripheral 
HPA in general, and hair cortisol in particular, and 
may contribute to a more complete understanding of 
the overall contribution which the peripheral HPA 
axis makes to homeostasis and anti-inflammatory 
processes. Therefore, the present study was designed 
to investigate these two aspects of hair cortisol as a 
step in “mapping” hair cortisol responses in greater 
detail. First, in order to determine the relative con-
centration (in resting subjects) of cortisol along the 
hair shaft, long hair was measured at its base, end and 
the central section between these two extremes in the 
same way as has previously been done when inves-
tigating sex steroid concentrations along the hair 
shaft.23 Second, to determine if hair cortisol concen-
trations varied across body sites when subjects were 
at rest (vs. in the immersed hand which underwent a 
pain stressor compared to a non-immersed opposite 
lower leg),16 hair was collected from body extremi-
ties (lower legs, forearms and scalp) and tested for 
cortisol concentrations.
Methods
Participants
hair shaft concentrations
Twelve healthy young female volunteers (ages ranged 
from 19 to 26 yr, M = 21.7 yr, SD = 2.3 yr) each had 
one hair sample of about 100 strands cut from the pos-
terior vertex. Shaft samples varied in length across 
individuals from 180 mm to 550 mm (M = 326 mm, 
SD = 113.9). After cutting, each hair sample was taped 
with sticky paper tape at the base end for identification.
Body site concentrations
Ten healthy young males (age range = 18 to 40 years, 
M = 24.3, SD = 7.3 yr) volunteered to have hair cut 
from their posterior scalp vertex and shaved from their 
lower forearms and lower legs. Samples consisted of 
about 100 strands each.
sample collection and Assay
Hair was collected by cutting with scissors (scalp) or 
shaving with disposable razors (arms and legs) and 
then placed in a labeled paper envelope. Scissors 
were washed in methanol between samples and razors 
were stored in the paper envelopes with the sample of 
hair they were used to collect. After being emptied 
from the envelopes and placed in separate glass vials 
(20 ml), hair was weighed and then chopped with 
scissors (washed with methanol between chopping 
samples) before being extracted with 3 ml of meth-
anol for 24 hours. The methanol was then decanted 
into polypropylene tubes (3.5 mL) and evaporated 
under vacuum. Gel buffer (100 µL) (phosphate buff-
ered saline, pH 7.5 containing 0.1% gelatin) were 
added and allowed to stand at room temperature for 
60 minutes prior to assay. Cortisol concentrations 
were determined by radioimmunoassay as previously 
described.27 Sensitivity of that assay process was 
1 ng/mL, well above the observed concentration in 
hair found here. From previous data,9,16 washing of 
hair has not been found necessary as concentrations 
are not significantly different in washed vs. unwashed 
hair. In addition, although sebum and sweat may con-
tain cortisol, the previous data reporting a lack of 
significant differences in washed/unwashed hair cor-
tisol concentrations argue that these extra potential 
sources of cortisol may be effectively discounted in 
these data.
Procedure
For the hair shaft and body site concentration aspects 
of this study, participants were all treated individu-
ally. After greeting and signing of appropriate consent 
forms, each participant sat quietly while hair samples 
were collected. Participants were then thanked for tak-
ing part in the experiment. All samples were collected 
within a 20-min period on one afternoon between the 
hours of 2.00 pm and 2.20 pm. All procedures were 
approved by the University of New England Human 
Experimentation Ethics Committee.
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Results
hair shaft concentrations
Table 1 shows the means and SE for sample weights 
and cortisol concentrations (ng/g) across the three 
hair shaft sites. From Table 1, it is apparent that there 
was some variability in cortisol among the hair shaft 
sites, with average concentrations becoming greater 
from the base to the end of the shaft. However, while 
ANOVA on the ng/g cortisol concentration data 
showed a significant difference between subjects for 
the raw ng/g data (F(11, 35) = 5.17, p  0.001), there 
was no significant difference in cortisol concentra-
tions across base, middle and end of shaft (F(2, 35) = 
1.33, ns). Examination of the difference between indi-
vidual Ss’ cortisol concentrations from the base to the 
end of hair shaft (M = 117.5 ng/g) showed that this 
difference was not significant (F(1, 23) = 0.025, ns). 
Moreover, when the hypothesis that cortisol concen-
trations at the end of the shaft would be “washed out” 
by time24 was tested by comparing change in cortisol 
concentration from base (i.e. the most recently grown 
hair) to end of shaft (the oldest hair) with the length 
of hair shaft from individual Ss, there was no sig-
nificant correlation between length of shaft (and thus 
time the hair strand had been growing) and change 
in cortisol concentration (r = 0.153, ns), thus reject-
ing that hypothesis, and representing a finding that 
was congruent with data previously reported from 
monkeys9 but not female humans.24 By applying the 
rule of thumb that hair grows about 10 mm/month, 
the effect of time of growth on difference in cortisol 
concentrations between the end and the base of the 
shaft may be seen in Figure 1.
In a final test of the suggestion that cortisol would 
show a “continuously decline” after three months,24 
examination of individual Ss’ hair shaft cortisol con-
centrations indicated that, of the 12 females sampled, 
five had their highest concentration at the end of the 
shaft, with hair shaft lengths of between 270 mm and 
390 mm (i.e. 27 to 39 mo).
Body site concentrations
Table 2 presents the means and SE for sample weights 
and ng/g cortisol concentrations across the five body 
sites. There was a significant difference between sub-
jects’ hair cortisol concentrations (F(9, 35) = 2.35, 
p  0.05) but only a non-significant trend among body 
sites (F(4, 35) = 2.31, p = 0.07). Because of the explor-
atory nature of this study, further examination of the 
hair cortisol concentration differences across body 
sites was undertaken. Table 2 indicates that the high-
est cortisol concentrations were observed in the arms, 
and the lowest in the legs, with the scalp values falling 
between these two, and this was verified by statistical 
testing: arms (M = 1057.323 ng/g, SE = 87.73), legs 
(M = 644.900 ng/g, SE = 85.51) (F(1, 38) = 11.324, 
p  0.005). There was no significant difference 
between left side limbs (M = 789.47 ng/g, SE = 99.42) 
and right side limbs (M = 899.20 ng/g, SE = 96.91).
Discussion
These data on hair shaft cortisol concentrations agree 
with one previous study on monkeys9 but not with 
another on young women24 in failing to find any sig-
nificant differences in hair cortisol concentrations 
along the length of hair shafts that were also collected 
from young women. However, in the study which 
did report differences in concentration along the hair 
shaft, those authors commented that cortisol signifi-
cantly declined in hair samples after three months for 
“unknown” reasons. By contrast, hair collected in 
the present study showed no “wash out” in cortisol 
concentrations, even after periods of more than three 
years. The lack of statistically significant variability 
in hair shaft site concentrations of cortisol found here 
argues for a “live” hair shaft interpretation, at least in 
terms of cortisol being moved along the shaft so that 
sites up to 500 mm apart (i.e. 50 months of growth) 
showed similar concentrations of cortisol. These 
data are congruent with those previously reported 
which showed immediate and transient variability in 
hair cortisol concentrations in body sites which had 
received a pain stressor16 because they confirm the 
active response nature of the peripheral hair HPA axis 
previously identified via in vitro studies.18
The second part of this study presents the first 
data on cortisol concentrations in hair collected from 
extremes of the body while the S was at rest. The lack 
of a significant difference across all body sites appears 
Table 1. Mean (sE) weight and ng/g cortisol concentrations 
across the three hair shaft sites.
site Weight (g) ng/g
Base 0.0719 (0.0173) 312.6667 (83.0793)
Middle 0.0516 (0.0137) 332.8333 (54.4473)
End 0.0437 (0.0098) 430.4167 (106.9753)
hair cortisol sites
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to argue for the presence of a “centrally-mediated” 
overall hair cortisol-production system while the S 
was not under major stressor demand. However, that 
difference was trending towards statistical signifi-
cance at traditional levels and thus leaves this issue 
open to further investigation, particularly in view of 
our previous finding that arm and leg hair cortisol 
concentrations were clearly independent when the 
arm underwent major pain stress.16 The significant 
difference found in this study between leg and arm 
hair cortisol concentrations provides further sup-
port for the “disentanglement” hypothesis that all 
hair follicles are independent producers of the CRH-
ACTH-cortisol cascade, as demonstrated by Ito and 
colleagues.18
Together, these two sets of data suggest that the pro-
duction of cortisol in hair is a dynamic rather than a 
static process, and that various body sites (i.e. arms vs. 
legs) may respond more powerfully to environmental 
demand, particularly when they are subject to localized 
stress.16 As mentioned in the introductory section of 
this paper, cortisol has anti-inflammatory effects,4 and 
the function of localized hair cortisol responsivity may 
be related to a wide range of anti-inflammatory actions 
for specific skin puncture and localized pathogenic 
infection.28 The selective advantage of an independent 
peripheral HPA axis may be argued, both because of 
the immediacy of cortisol response to stress at a par-
ticular limb site16 rather than the usual delay of about 
eight minutes for cortisol to appear in the bloodstream,4 
and also because of the economic use of this powerful 
hormonal response for localized infection. That is, as 
well as being a valuable anti-inflammatory agent, cor-
tisol can also have significant deleterious effects upon 
the organism if serum levels are consistently elevated, 
including atherosclerosis,29 bowel disease,4 mood disor-
ders, neurodegenerative diseases, diabetes and cancer.30 
Thus, frequent central HPA responses to minor periph-
eral injuries might produce harmful overall circulating 
levels of cortisol, whereas more locally-focused hair 
follicle HPA axis release of cortisol into the specific 
area of injury, with no clear avenue for this cortisol to 
enter the bloodstream and contribute to elevated serum 
(and whole body) levels, could provide an adaptive 
advantage to the organism. One potential hypothesis 
that is consistent with the findings presented herein is 
that hair cortisol is a product of both the central HPA 
axis (to provide a “background” or resting level of cor-
tisol) and also of the local follicle production when the 
immediate site if under stress. Further investigation of 
the relationship between central and peripheral HPA 
axes is required to clarify this issue.
Limitations of this study include those associ-
ated with generalization of findings. Because of hair 
fashion, males’ hair was not of sufficient length to 
provide comparisons of cortisol concentration along 
y = −4.6381 × +269.26
R2 = 0.0233
−400
−200
0
0 10 20 30 40 50 60
200
400
600
800
1000
1200
Time (mo)
C
on
ce
nt
ra
tio
n 
(n
g/
g)
Figure 1. Base-end cortisol concentration differences by time of growth.
Table 2. Mean (sE) weight and ng/g cortisol concentrations 
across the five body sites.
site Weight (g) ng/g
Left arm 0.0045 (0.0087) 1038.5600 (146.6205)
right arm 0.0048 (0.0009) 1073.9000 (144.7293)
Left leg 0.0065 (0.0009) 565.3000 (72.7997)
right leg 0.0066 (0.0010) 724.5000 (123.2836)
scalp 0.0109 (0.0032) 838.0000 (249.0307)
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their hair shafts. Similarly, females did not have 
sufficient leg and arm hair to allow reliable assay 
procedures to be applied to hair from these areas. 
Thus, the issue of gender-specific effects remains 
unaddressed. Similarly, although there was a rea-
sonable distribution in ages of participants, no old 
or very young participants were recruited. All par-
ticipants were volunteers and, while this should not 
present any obvious limitations upon generalisabil-
ity of hair cortisol data, it does reflect a limitation in 
sampling. Finally, cortisol may be reverse activated 
from cortisone by 11betaHSD. Although the in vitro 
data reported by Ito and colleagues argue strongly 
against this being a potential confounding source of 
cortisol in this study, future research could address 
this issue more conclusively.
As mentioned above, future research should 
address the presence of any central HPA-to-peripheral 
HPA axis linkage. While this has been investigated 
in a pilot study for Ss under pain stress to a specific 
body region,16 the collection of data from central 
and peripheral cortisol production while participants 
were undertaking normal daily activities would assist 
in clarifying this relationship. A diurnal variation 
in central HPA axis activity has previously been 
 demonstrated4 but no data have yet been reported 
from repeated collections of hair over a 24-hour 
period to test the extent of the central HPA-peripheral 
HPA axis link and disentanglement hypothesis sug-
gested above.
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